Polarized fluorescence recovery after photobleaching (pFRAP) was used to monitor the effects that condensation, i.e. compaction and aggregation, have on the @s and ms) internal dynamics of chromatin in intact nuclei. When divalent cations were present with physiological ( z 90 mM) monovalent salt the chromatin was found to exist in a compact and aggregated state which was characterized by rotational immobilization over timescales that range from 10 microseconds to 40 milliseconds. This immobilization is attributed to suppression of internal dynamics by intermolecular interactions. When the divalent cations were removed, the compact fibers no longer aggregated and were free to reorient with a characteristic decay time of about 1.2 milliseconds. It is shown that this millisecond relaxation could represent rigid rotation of topologically independent structural domains. Dilution of the monovalent salt induced a gradual change in the structural state of the chromatin that was manifest as a dramatic increase in internal flexibility. At the lowest salt concentration studied (11 mM-monovalent salt) the chromatin reorients in fewer than ten microseconds. These changes in flexibility are continuous with salt concentration, indicating that there are no well-defined endpoints to structural transitions and that the microsecondmillisecond internal dynamics of chromatin are a sensitive measure of structure. Measurements made on nuclei from cells that are either transcriptionally quiescent or active indicate that the dynamics mirrors biological activity.
Introduction
It is apparent that cell plasmas and membranes contain very high concentrations of biological macromolecules (for reviews, see Fulton, 1982; Kellenberger, 1987) . Nevertheless, the (reconstituted) solutions that are used to study biological phenomena typically contain relatively dilute concentrations of cellular components. Therefore, it is important to determine what effects the very highly congested conditions that exist in viva have on the behavior of biological macromolecules. Here we focus on understanding the relationship between the condensation state of chromatin and chromatin dynamics.
Chromatin provides a particularly striking example of the way in which biological function can be modulated by condensation state. For example, it is believed that metabolically inert and mitotic chromatin is stored in a very closely packed form. In contrast, actively transcribing and replicating chromatin is decondensed, facilitating interaction of macromolecular reactants and products (Kellenberger, 1987) .
The condensation state of chromatin is generally believed to be influenced by two factors: the extent to which the individual molecules are compacted and the degree to which they are aggregated. The least compact form of chromatin is a "beads-on-astring" structure, which consists of a repeating P. R. Sell% et al.
array
of particles known as nucleosomes (for a review, see Va,n Holde, 1989) . Each nucleosome is composed of a core, which contains 146 base-pairs of DPL'A wrapped around histone proteins, and a linker, which contains bet,ween 20 and 100 basepairs of DNA. The physiologically relevant conformation of chromatin is a compact, 30 nm thick fiber (for a review, see Butler, 1983; Felsenfeld & McGhee, 1986; Van Holde, 1989; Widom, 1989) . These 30 nm fibers are believed to fold into looped domains imposing a yet higher-order structure on chromatin.
The three-dimensional structure of the 30 nm fiber and the way in which it is further organized
have not yet been determined. In fact', our knowledge about the internal structure of the fibers is limited to knowing the diameter, radial density distribution and mass per unit length (Williams et al., 1986; Smith et al., 1990; Williams & Langmore, unpublished results; Athey et al., 1990 ). Here we will focus attent.ion on the relationship between chromatin dynamics and static structure. Many studies have shown that the conformation of chromatin becomes increasingly compact as the cation concentration is increased (see e.g. Thoma et al., 1979; Suau et al., 1979; Widom, 1986) . In a low salt medium charge repulsion causes the chromat,in to adopt' an extended beads-on-a-string conformation. In contrast, at higher cation concentrations the unfavorable electrostatic interactions are reduced and the 30 nm fiber is favored. Typically, chromatin gradually compacts into the 30 nm structure either as the monovalent salt concentration is raised from 10 to 150 rnfit, or (in the absence of significant monovalent salt) as divalent cations bind to most of the DNA phosphates (Finch & Klug, 1976; Widom, 1986; Sen & Crothers, 1986; McGhee et al., 1980 McGhee et al., , 1983 . Furthermore, side-by-side aggregation of the 30 nm fibers can be induced by multivalent cations (Olins 8r Olins, 1972; Langmore & Paulson, 1983) . Here we present the first study of the effects that salt-induced compaction and aggregation have on the slow dynamics of chromat'in in intact nuclei. We have used a relatively novel spectroscopic technique, polarized fluorescence recovery after photobleaching (pFRAPt: Velez & Axelod, 1988; Scalettar et aZ., 1988) to monitor reorientational motion, because measurements can be made on a small quantity of a complex biological sample and very slow motions can be studied. We were particularly interest'ed in studying nuclei because nuclear chromatin concentrations are so high (tens to hundreds of mg/ml: Rill, 1986; Livolant & Maestre, 1988) 
Theory
The theory of pFRAP has been described in detaii (Velez & Axelod, 1988; Scalettar et al.: 1988 Figure 1 .
In the microsecond time regime the temporal dependences of the parallel and perpendicular mode pFRAP signals are determined by rotat~ional motion and a photophysical recovery of the fluorophore (Velez & Axelrod, 1988; Scalett,ar et al., 1988 Figure 1 . Schematic representation of the bleaching and probing events that take place in a pFRAP experiment; representative pFRAP data obtained from dry DNA are also shown. (a) The sample is first illuminated with a brief @s) intense pulse (double arrow) of polarized laser light; this pulse will create a region (darkened area) of preferentially bleached fluorophore around the axis of polarization of the bleach beam. In the parallel mode, a much attenuated (single arrow) probe beam with the same polarization as the bleach beam is then directed onto the sample. The post-bleach fluorescence signal that results is initially small because the probe beam is attempting to excite bleached dye; however, as rotational diffusion leads to an exchange of bleached and unbleached fluorophore the fluorescence will recover at a rate dictated by rotational and photophysical relaxation times. (b) In the perpendicular mode, the polarization of the bleach beam (double arrow) is orthogonal to that of the probe (single arrow) beam and, therefore, initially, the probe beam is not exciting the bleached dye. (c) Thus, if the molecules in the sample are rotating slowly (on the ps time-scale), the bleach will appear to be deeper in the parallel mode (the lower curve in (c)) than in the perpendicular (upper curve (c)). Moreover, with time F,,(t) and F,(t) will tend toward the same asymptotic value. In contrast, if the molecules in the sample are tumbling rapidly on the ~1s time-scale, F,,(t) and F,(t) will superimpose. were grown to 18 h as described by Workman & Langmore (1985) . All subsequent steps were performed at 4"C, all wash volumes were at least 10 times the volume of the pellet, and each centrifugation of the Necturus samples involved spinning at 60 g for 6 min.
Necturus erythrocytes were washed twice in wash buffer to separate the cells from lymphocytes. The erythrocytes were then incubated for 1 h on ice in wash buffer with 3 mM-iodoacetate, and 0.2 mm-PMSF to inhibit proteases. The cells were then lysed by washing 3 times in buffer A with 0.1 o/0 (w/v) digitonin, 1 mrv-iodoacetate, and @l mM-PMSF: and three times in buffer A with @l% Non-idet P40, 1 mM-iodoacetate, and 0.1 mM-PMSF. At this point the cells had lysed and were free from cellular debris. Nuclei (at 1 mg DNA/ml) were quickly frozen in 50% glycerol/buffer A by placing tubes into methanol cooled with solid CO,. The nuclei were stored at -70°C. Before nuclei were used in a pFRAP experiment, they were washed 3 times in mMB buffer and then stored at 4°C in mMB or mEB buffer.
Sea urchin nuclei were isolated from 18-h embryos as described by Workman & Langmore (1985) . The published method was modified to keep the nuclei in buffer A, including storage in 50% glycerol at -70°C. For the study of isolated chromatin fibers, nuclei (1 mg in 1 ml) were pelleted at 4°C and washed with mMB buffer (this procedure removes multivalent cations) and then pelleted again and washed with micrococcai nuciesae digestion buffer. Nuclei were then resuspended ir? 1 ml of micrococcal nuclease digestion buffer and incubated a,t 22°C for 5 min. Nuclei were digested for 5 min by adding 20 units of micrococcal nuclease (Worthington, Freehold, NJ). Digestion was stopped by increasing the EGTA and MgCl, to 5.0 mM and 1.0 rnM: respectively. Nuclei were then gently pelleted and resuspended in I. ml of @2 m;n-EDTA (pH 7.0), @l mM-PMSF, 0.02% KaN, to solubilize the chromatin. Nuclei were allowed to lyse at 4°C for 45 min and were then spun for -5 min m an Eppendorf cent,rifuge to remove nuclear debris. Chromatin solutions were brought to physiological ionic strength by adding @l vol. 10 x mEB buffer. This isolation procedure produces chromatin wit'h the native amount of histone Hl (6. P. Williams & J. P. Langmore, unpublished results). The final concentration of the fibers in solut,ion was X 150 pg/ml.
Successful isolation of 30 nm fibers was confirmed by examining the digested fibers in an electron microscope by the method described by Williams et al. (1986) . The approximate molecular weight was determined by electrophoresis in 0.3% (w/v) agarose. The mode of the molecular weight distribution of soluble chromatin was 35 kb; the weight average molecular weight was 45 kb.
(d) DeoxyEyyenation, of samples
After the nuclei and fibers were isolated, all sample manipulations were conducted in a nitrogen-saturated glove bag. Buffers were deoxygenated by bubbling nitrogen through them for approximately 15 min. Air-tight sample chambers were constructed from 500 ~1 Eppendorf tubes that were slit (in the transverse direction) near the tip with a razor blade; the slit end was then glued to a silanized quartz coverslip with epoxy resin.
(e) Preparation of jluorescently labeled chromatin samples Typically 0.1 mg of nuclei was placed into the Eppendorf holder. Ethidium bromide (Etbr) (2 pg/mi in water) (Sigma Chemicals, St Louis, MO) was then added and assumed to bind stoiehiometrically; labeling levels were kept lower than 1 Etbr molecule bound/1000 basepairs. At these low labeling levels energy transfer between ethidium molecules is negligible (Ashikawa et al., 1983) . The total sample volume was increased to 400 ~1 by adding mMB or mEB buffer. We waited about 30 min for the nuclei to settle onto the quartz coverslip and for the ethidium to stain the chromatin. After this time, the fluorescence was confined to regions containing chromatin, and the nuclei essentially formed a continuous monolayer on the coverslip. Thus, as the microscope stage was translated (see section (g), below) the light remained focussed on nuclei. The data were not affected by the fact that the beam occassionally passed over an area with no nuclei because the fluorescence count rate then fell by 2 orders of magnitude. The data also were not affected by the fact that ethidium bromide binds only transiently to the DNA. The average time that an ethidium molecule remains bound to DNA, once it has intercalated, is t,he inverse of its off rate, or about 50 ms (Magde et al., 1974) . Thus bound ethidium d'oes not come off DNA on the timescale ( < 2 ms) over which we have monitored internal motion. Moreover, if a significant fraction of the ethidium had come off the chromatin during the post-bleach period, we would have seen a very rapid recovery associated with the independent ethidium motion. Salt concentrations were manipulated by serial dilution of the monovalent salt or chelation of magnesium with EDTA. Specifically, mMB buffer was converted to mEB buffer by adding enough EDTA to chelate the Mg2+ in the mMB buffer and to raise the free EDTA concentrations to 3 mM. The monovalent salt concentration was manipulated by removing an appropriate volume of buffer from the top of the sample and replacing it with an equal volume of 5 miv-Pipes, 3 mM-EDTA.
The sample was then gently pipetted and incubated 30 min before beginning the next experiment to ensure that the salt distribution in the solution was uniform. The binding constant of ethidium bromide is a function of salt concentration; however, our calculations (and the fact that the total fluorescence count rate did not vary as the salt concentration was changed) indicate that the number of Etbr molecules bound per nucleus did not change significantly during the salt studies. The expected decrease in binding with increasing salt concentration would produce effects opposite to those reported here.
(g) Description of apparatus and pFRAP experimental methods The pFRAP apparatus used was very similar to that described (Velez & Axelrod, 1988) . After each round of bleach and probe, the stage was moved horizontally about one beam spot diameter (~3 pm) by a computercontrolled stepping motor. In this way it was possible to obtain data from about lo5 areas without bleaching the same nucleus twice. A microscope was used to collect and focus light because effective bleaching can be achieved with focussed light and effective detection can be achieved with a high numerical aperture lens.
For all the chromatin experiments we used a 10 ps bleaching pulse. The pre-bleach and post-bleach fluores- temperature rises in our samples (Velez & Axelrod, 1988; Scalettar et al., 1988 bleach depth in the parallel mode and in the perpendicular mode shows that this sample retains a substantial amount of anisotropy at the end of the ten microsecond bleaching pulse (see the legend to Fig. 1 ). It is also evident', upon comparing q,(t) and F,(t), that the anisotropy is quite long-lived, i.e. reorientation in this sample is slow. These statements can be made quantitative by calculating yb(t). It is then seen (see Fig. 2(b) Figure 5 . Best-fit relaxation times associated with the anisotropies shown in Fig. 4 . The mMB point is not plotted because of its long (nominally infinite) relaxation time. Figure 7 . Anisotropy function obtained from digested mudpuppy chromatin fragments (150 pg/ml) in mEB buffer. This sample contained chromatin fragments that were broadly distributed in molecular weight.
We also attempted to study the salt dependence of chromatin dynamics in sea urchin nuclei. The mobility of sea urchin chromatin in nuclei again increased as the salt concentration was lowered. However, the sea urchin nuclei lysed when the salt concentration was decreased to about 50 mM, causing irreversible changes.
(d) Diffusion of digested chromatin fibers in solution and nuclei
We also measured the reorientational dynamics of nuclease-digested chromatin fibers in solution and in nuclei. The anisotropy obtained from a 150 pg/ml solution of digested chromatin (&&, = 45 kb) in mEB buffer is shown in Figure 7 . The initial anisotropy is 0.05 and rb(t) decays with a time constant of 100 microseconds.
Most of the digested fibers were not solubilized but remained in the nucleus. The nuclear-bound fragments have a slightly larger weight distribution (&&, = 53 kb) than those released into solution.
The nuclear-bound fibers were much more immobile (r,,(O) ~~0.14; z~2 ms) than their soluble analogues.
Thus, cleavage per se does not lead to increased mobility, but solubilization does. Attachment of the insoluble chromatin to the nuclear matrix or the high concentration of the molecules left within the nucleus seems to be critical for immobilization.
Discussion (a) Reorientation of chromatin in nuclei
Because the focus here is on the dynamics of nuclear chromatin, we briefly discuss the spectrum of motions that chromatin is likely to exhibit and how this motion is manifest in a pFRAP experiment. Neither the static nor the dynamic flexibility of chromatin has been well studied. Previous measurements of dynamic flexibility have been limited to the very rapidly (ns) relaxing motions (Shindo et al., 1980; Klevan et al., 1979) . Such studies have shown that the ethidium fluorophore wobbles when bound to DNA (Magde et al., 1983) and that core and linker DNA twist on timescales shorter than approximately 100 nanoseconds (Wang et al., 1982;  Schurr Ashikawa et al.: 1983 Ashikawa et al.: , 1985 Hurley et al., 1982; Hard et al., 1988 However, our data also show that fluorophores bound to aggregat'ed fibers retain a substantial amount of localized mobility; these local, rapidly relaxing motions cause deviation of ~~(0) from the rigid limit, 417. This "fast" depolarization seen in the pFRAP experiments is probably due to a combination of dye wobble and twisting motions.
Such rapid relaxation is ubiquitious; even in immobilized (dry) DNA samples the init,ia,l anisotropy is only 82 (see Fig. l(d) ).
Electron microscopy and X-ray studies have shown that when Mg2+ is removed the 30 nm fiber is intact but the chromatin is dispersed (see e.g. Thoma et al., 1979; Langmore & Paulson, 1983) . Under these condit.ions we see in the optical microscope that the chromstin becomes uniformly dispersed throughout the nucleus. The initial pFRAP anisotropy decreases to 0.14 and rb(t) decays chara&eristically to zero in about one millisecond. This millisecond relaxation may arise from slow lateral deformations of the 30 nm fiber that were suppressed when the chromatin was aggregated. Alternatively, as demonstrated in section (a), above, t,his relaxation can also be attributed to a long axis rigid rod rotation of t,he topologically independent unit,s that have been postulated to exist in nuclear chromatin (for a review, see Nelson et al., 1986) .
Upon dilution of the monovalent salt (and in the absence of Mg2+) structural studies show that the compact 30 nm fiber opens to a beads-on-a-string (10 nm) conformation consisting of loosely packed nucleosome core particles connected by linker DNA. Upon reduction of monovalent salt, the pFRAP initial anisotropy and the relaxation time monotontally decrease. Thus, as chromatin unfolds the extent of rapid internal reorientation increases, and the observable slow motions relax more rapidly. We attribute these changes to a gradual unfolding of the 30 nm conformer, which leads to greater mobiIiLy of the linker DNA region. At the lowest salt, concentration studied here, we find that the postbleach anisotropy falls to zero; thus in the low salt structure the linker DNA is relatively free to move. In fact', the low salt conformer is so flexible that it.s dynamics is too rapid to be measured by pFR,AP.
For in vitro work it is important to identify the salt conditions that stabilize the physiologically relevant conformation of chromatin. Unfortunately, as Widom (1989) has noted, some experimental data suggest that there is a well-defined endpoint to the structural transitions of chromatin while other data suggest that no such endpoint exists. Here we have found that, when measurements are made on intact nuclei, the pFRAP time constant, z, continues to change as the salt concentration is varied between 11 and 90 mM-monovalent salt. In contrast, our measurements of ~~(0) as a function of salt concentration do show a semi-plateau from 50 to 90 mM-monovalent salt. Thus, the salt dependence of the larger amplitude internal dynamics of chromatin (the z data) indicates that there is no subphysiological endpoint to dynamic/structural change, while the salt dependence of the smaller amplitude internal motion (the rs(O) data) indicates that a sub-physiological endpoint may exist. To reconcile these two results we note that the saltinduced folding of chromatin might first damp the most rapid internal dynamics of the molecules and might damp the slower internal dynamics at higher salt concentrations. Overall, the pFRAP data indicate gradual structural change without a clearly delineated endpoint.
The pFRAP data both complement and confirm results obtained in a recent fluorescence depolarization study of the dynamics of ethidium bromidestained linker DNA in nuclei (Ashikawa et al., 1985) . The fluorescence depolarization experiments indicate that fast (ns) motions (presumably twisting) are inhibited in intact 30 nm nuclear chromatin fibers. Our data show a similar suppression of linker DNA dynamics upon 30 nm fiber formation, although, presumably we are seeing the same effect manifest by the slow motions of DNA.
Linear and saturation transfer electron paramagnetic resonance have also been used to examine the dynamics of nuclear chromatin and isolated chromatin fibers (Hurley et al., 1982) . It was found that a spin-labeled ethidium bromide intercalated in the linker region of chromatin fibers or nuclear chromatin is less mobile than a spin label intercalated into naked DNA. Hurley et al. report a 100 microsecond rotational correlation time for nuclei in 5 miw-MgCl,, 20 mlvr-Tris.HCl (pH 7.5), 250 mM-sucrose, but state that this figure may be too small because it is difficult to extract long-time dynamical data from computer simulations of electron paramagnetic resonance spectra. Because Hurley et al. have used a viscous buffer and different ionic conditions it is somewhat difficult to compare their result' with ours.
(c) Correlation with studies of chromatin structure
Electron microscopy has shown that all of the chromatin fibers are extensively unfolded below about 15 mM-monovalent salt (Thoma et al., 1979) . Here we find that at 11 mM-monovalent salt chromatin exists in a very flexible conformation characterized by zero post-bleach anisotropy. Between 11 and 50 mM-monovalent salt the r,,(O) value increases rapidly and there is a gradual increase in z. These data indicate that a substantial fraction of the chromatin is becoming less flexible, but the compaction is not yet complete. This observation is consistent with electron microscopy, which shows a disappearance of the beads-on-astring structure and the formation of rather loose, disordered 30 nm fibers (Thoma et al., 1979) . The sedimentation coefficient of chromatin also increases abruptly as the monovalent salt concentration approaches 50 mM (Butler & Thomas, 1980) . From 50 to 90 mM-monovalent salt the extent of rapid relaxation is nearly constant, while the time constant increases dramatically. Electron microscopy has shown a tightening of the structure in this salt range (Thoma et al., 1979) . When Mg*+ is added (at 90 mM-monovalent salt) rs(O) and r increase quickly. It is in this ionic range that the chromosome fibers become less soluble (i.e. aggregate) with few, if any, changes in internal structural (Langmore & Paulson, 1983) . Thus, it is reasonable to attribute the first pFRAP salt transition to packing of the nucleosomes, and the second transition to aggregation of the fibers. The dynamics of DNA in dilute solution has been the subject of extensive experimental study (for reviews, see Hagerman, 1988; Shibata et al., 1985; Frank-Kamenetskii, 1981) . However, in the nuclei of eukaryotic cells, in the nucleoli of prokaryotic cells and in bacterial phage heads, the concentration of chromatin/DNA is enormously high (Kellenberger, 1987; Livolant & Maestre, 1988) ; therefore, it is also of interest to monitor the dynamics of nucleic acids in concentrated solution and to see if interparticle interactions modify the motions exhibited by these molecules in viva.
Interaction-induced modification of the translational motion of nucleic acids is a moderately wellstudied phenomenon. (See among others Sorlie & Pecora (1988) and Scalettar et al. (1989) , and references cited therein.) However, the effects that interactions have on the reorientational motion of nucleic acids are much less well characterized. Rill et al. (1983) conducted 31P and 13C nuclear magnetic resonance studies of concentrated, liquid crystalline phases of short DNA molecules and found that at critical DNA concentrations the local (ns) motions of DNA that are monitored by nuclear magnetic resonance are not present. For DNA of several hundred base-pairs in length these critical concentrations are of the order of 100 mg/ml.
Interaction-dependent modification of the reorientational motion of DNA has also been detected, by Ashikawa et al. (1984) , in the bacteriophage head. DNA in phage heads is believed to be ordered in a closely packed structure and, therefore, the phage is an in vivo system in which one might expect to see marked inhibition of the mobility of DNA. Ashikawa, et al. have Fig. 2 ). The extent to which nuclear chromatin is immobilized at physiological salt concentrations can perhaps best be appreciated by noting that the pFRAP anisot,ropy obtained from nuclear chromatin fibers in mMR buffer is the same as is obt,ained from DNA that is immobilized by drying it down onto a quartz coverslip (see Fig. l(d) ). We attribute the rotational immobilization of nuclear chromatin to fiber aggregation for the following reason. We find that nuclear chromatin in mMB buffer appears to be rotationally immobile (Fig. 2) , while chromatin in mEB buffer has a one millisecond relaxation time (Fig. 3) . Since M2 '+ in mMB buffer is believed to induce aggregation of chroma,tin (which we could see in the microscope) but not to alter its monomeric structure; the change in time constant should reflect a local change in chromatin concentration. Recently, pFRAP has also been used to study the reorientational motion of naked DNA molecules in agarose gels (Scalett'ar et al.: 1990) . The gel experiments indicate that, under moderately congested conditions the rapidly relaxing reorientational motions of naked DNA molecules are largely unperturbed. Specifically, it is found that in gels that are 5% agarose by weight, the initial anisotropy is 10.03, or about 0.2 that measured in the unaggregated nuclei solutions.
Hence, gels do not damp out many of the smaller amplitude motions of naked DNA that lead to depolarization during the bleach pulse. The relative immobility of the chromatin samples studied here seems to be a, consequence of both the inherent rigidity of the chromatin fibers (section (b), above) and the concent,ration of fibers within t,he nucleus (section (d), above). 
